CRAF kinase maintains cell viability, growth, and proliferation by participating in the MAPK pathway. Unlike BRAF, CRAF requires continuous chaperoning by Hsp90 to retain MAPK signaling. However, the reason behind the continuous association of Hsp90 with CRAF is still elusive. In this study, we have identified the bipartite role of Hsp90 in chaperoning CRAF kinase. Hsp90 facilitates Ser-621 phosphorylation of CRAF and prevents the kinase from degradation. Co-chaperone Cdc37 assists in this phosphorylation event. However, after folding, the stability of the kinase becomes insensitive to Hsp90 inhibition, although the physical association between Hsp90 and CRAF remains intact. We observed that overexpression of Hsp90 stimulates MAPK signaling by activating CRAF. The interaction between Hsp90 and CRAF is substantially increased under an elevated level of cellular Hsp90 and in the presence of either active Ras (Ras V12 ) or EGF. Surprisingly, enhanced binding of Hsp90 to CRAF occurs prior to the Ras-CRAF association and facilitates actin recruitment to CRAF for efficient Ras-CRAF interaction, which is independent of the ATPase activity of Hsp90. However, monomeric CRAF (CRAF R401H ) shows abrogated interaction with both Hsp90 and actin, thereby affecting Hsp90-dependent CRAF activation. This finding suggests that stringent assemblage of Hsp90 keeps CRAF kinase equipped for participating in the MAPK pathway. Thus, the role of Hsp90 in CRAF maturation and activation acts as a limiting factor to maintain the function of a strong client like CRAF kinase.
cers and developmental disorders due to mutations in CRAF and BRAF genes (3) (4) (5) (6) . Several molecules have been identified as common regulators of BRAF/CRAF kinases (1, (7) (8) (9) (10) (11) . However, in contrast to BRAF, CRAF kinase is always assisted by a molecular chaperone, Hsp90. Therefore, inhibition of Hsp90 reduces CRAF kinase-mediated signaling by promoting its degradation (12, 13) .
Hsp90 is evolutionary conserved (14) and is involved in various cellular processes including cell survival, regulation of cell cycle, kinase-and receptor-mediated signaling, and stress response (15) (16) (17) (18) (19) . The function of Hsp90 relies on its ATPase cycling and is regulated by the associated co-chaperones (20 -24) . A specific set of proteins termed as "clients" requires Hsp90 for their nascent chain folding (14, 25, 26) . Among the clientele, protein kinases majorly depend on Hsp90 to attain their proper conformation and activation (27, 28) . In this process, co-chaperone Cdc37 delivers kinases to Hsp90, thereby promoting their maturation (29 -33) . The function of Hsp90 varies depending on the client protein. While Hsp90 assists in folding, maturation, and trafficking of certain clients like Src kinase, cystic fibrosis transmembrane conductance regulator (CFTR), and HER-2/ERBB2 (34 -38) , it promotes activation of some clients such as Lck kinase and AKT (39, 40) . Thus, Hsp90-mediated modulation of client activation is imperative for precise regulation of various signaling pathways (41) (42) (43) (44) (45) .
CRAF kinase activation is a complex regulatory process driven by phosphorylation/dephosphorylation events, translocation to the membrane, and subsequent heterodimerization. Additional known regulators of CRAF are Hsp90, Cdc37, and scaffold protein 14-3-3 (46, 47) . Ser-259 and Ser-621, the two basal phosphorylation residues of CRAF, are the binding sites of 14-3-3 that keep CRAF in an inactive conformation at the cytosol (48 -50) . Dephosphorylation of the Ser-259 residue upon mitogenic stimulation relieves 14-3-3 inhibition and facilitates CRAF translocation to the plasma membrane for interaction with Ras via its Ras binding domain (RBD) and cysteine-rich domain (CRD) (51, 52) . A complex cohort of phosphorylations at multiple residues, Ser-338 (53, 54) , Tyr-341 (55) (56) (57) , Thr-491, and Ser-494 (58) , renders optimal activation of CRAF. Apart from 14-3-3-mediated regulation, both Hsp90 and Cdc37 are prerequisite for CRAF functioning (59) , but the underlying mechanism by which Hsp90 maintains CRAF functioning is still elusive.
In this study, we have attempted to decipher the purpose behind the continuous dependence of CRAF on Hsp90. Impairment in both Hsp90 and Cdc37 down-regulates Ser-621 phos-tive toward Hsp90 inhibition, which is rarely observed for bona fide Hsp90 clients (62) (63) (64) .
Reduced stability of client in the presence of Hsp90 inhibitor occurs due to the dissociation of Hsp90 from the client complex (65, 66) . To determine whether GA treatment also disrupts Hsp90-CRAF interaction as observed for other strong clients, cells were treated with GA alone and in combination with cycloheximide for 16 h. Endogenous CRAF was then immunoprecipitated followed by immunoblotting with anti-Hsp90 antibody. Strikingly, we found that GA treatment alone enhances the association of Hsp90 with CRAF ( Fig. 1L ) as observed previously with herbimycin A (67) ; however, the interaction between Hsp90 and CRAF remained unaltered when protein synthesis was blocked ( Fig. 1L ). Co-IP experiment suggests that pharmacologic inhibition of Hsp90 has no influence upon CRAF-Hsp90 complex dissociation, which is commonly observed for other clients. Thus, stable complex formation between Hsp90 and folded CRAF does not rely on the ATPase activity of Hsp90, and postfolding association of Hsp90 has no causative role toward CRAF stability. However, continuous chaperone dependence even after CRAF folding signifies an additional role of Hsp90 apart from kinase stability in CRAF functioning.
Perturbation of Hsp90 and Cdc37 Functions Affects de Novo Maturation of CRAF-Basal phosphorylation at the Ser-621 residue is crucial for CRAF kinase activity (68, 69) . Intramolecular autophosphorylation at this site stabilizes CRAF and maintains its kinase activity (70, 71) . Hence, the phosphorylationdeficient CRAF S621A mutant is unstable (70) and kinetically inactive (69, 72) even in the yeast system (data not shown). Instability of this mutant has led us to speculate a correlation between inefficient Ser-621 phosphorylation and reduced CRAF level upon prolonged GA treatment. Thus, the phospho-Ser-621 level was analyzed after expressing CRAF in hsp90 ts yeast strains (see "Experimental Procedures"). We found significant reduction in Ser-621 phosphorylation of CRAF from hsp90 ts mutant strains ( Fig. 2A ). In contrast, no effect was observed for other basal phosphorylation, phospho-Ser-259, located in the regulatory domain. We also noticed reduced CRAF basal kinase activity in hsp90 impaired strains ( Fig. 2B) . To ascertain the role of Hsp90 in CRAF maturation, GA was added to both yeast and mammalian cells. In both systems, prolonged GA treatment reduced Ser-621 phosphorylation (Fig. 2, C and D) ; however, the Ser(P)-621 level remained unaltered when cycloheximide was added in HEK293T cells ( Fig.  2E ). Notably, substitution of Ser-621 to either Ala (CRAF S621A ) or phosphomimetic Glu (CRAF S621E ) was found insensitive to Hsp90 inhibition ( Fig. 2F ), further confirming that Hsp90 impairment reduces the CRAF level by affecting Ser-621 phosphorylation. Hence, the dependence on Hsp90 for CRAF stabilization is uniquely directed by the purpose to phosphorylate the Ser-621 residue of the kinase. Altogether, our data provide an explanation for the reduced CRAF stability and activity upon Hsp90 inhibition.
Co-chaperones assist Hsp90 to facilitate kinase folding and maturation. Being the stable client loader of Hsp90, co-chaperone Cdc37 actively participates in kinase activation (73) . Phosphorylation at Ser-13 (mammal)/Ser-14 (yeast) by CK2 kinase maintains client stability by forming a stable kinase-Cdc37 complex for different clients including CRAF, AKT, and Src (29, 32, 74 -76) . To elucidate the role of Cdc37 in CRAF maturation, we expressed CRAF cloned under the constitutive GPD promoter (yeast) in WT and cdc37 S14A mutant yeast strains (76) . The CRAF level was largely diminished in the cdc37 S14A strain in both steady state (data not shown) and under pulsed condition, implying the rapid degradation of CRAF kinase (Fig.  3A ), similar to yeast kinases (76) . Strikingly, Cdc37 impairment has a negligible effect over folded CRAF as depicted from cycloheximide chase (Fig. 3B ). We then examined the reason behind the reduced stability of CRAF in the cdc37 S14A yeast strain. We observed significant reduction in phospho-Ser-621 level of CRAF kinase (Fig. 3C ), thus affecting its basal kinase activity FIGURE 1. Stability of mature CRAF is independent of Hsp90. A, prolonged GA treatment reduces de novo made CRAF kinase. The CRAF level was checked after treating HEK293T cells with 2 M GA for the given time intervals by Western blotting analysis. The band intensity was quantified and expressed as a percentage of the 0-h sample mean value (n ϭ 6). The error bars represent S.D. The significance was calculated by Mann-Whitney t test. The effect of GA was statistically significant for each time point (p Ͻ 0.001). BRAF, Hsp90, and Hsp70 levels are also shown. GAPDH was used as a loading control. B, mature CRAF is resistant to GA-mediated degradation. B, panel i, HEK293T cells were treated with 100 M cycloheximide (CHX) for the indicated time intervals for evaluation of half-life of endogenous CRAF. B, panel ii, HEK293T cells were treated with cycloheximide along with 2 M GA for the indicated time points. CRAF, BRAF, and CDK2 levels were examined by Western blotting analysis with respective antibodies. CDK2 is considered a positive control for GA-mediated degradation. C, inhibition of translation reduces turnover of GA-preincubated CRAF kinase. CRAF levels were examined in the presence and absence of cycloheximide at 12, 16, and 20 h after preincubating HEK293T cells with GA for 8 h. D, cycloheximide treatment antagonizes the effect of GA on CRAF signaling. ATP hydrolysisdeficient Hsp90␤ DN affects newly made CRAF. Hsp90␤ DN was overexpressed in HEK293T cells. CRAF levels were measured at the indicated time points after addition of cycloheximide (100 M). GAPDH was used as a loading control. NT represents non-transfected. E-G, quality control study of CRAF kinase is suitable in yeast system. E, FLAG-tagged CRAF cDNA was cloned into yeast p416GPD vector and expressed in BY4741 yeast strain. CRAF expression was checked by Western blotting with anti-FLAG antibody. NT represents empty plasmid. Pgk1 was used as a loading control. F, CRAF is active in yeast. The kinase activity of CRAF was measured using purified MEK1 as substrate after immunoprecipitating CRAF with anti-FLAG antibody. Phospho-MEK1 was analyzed by Western blotting analysis. G, CRAF complements yeast MAPK Ste11 kinase. Activation of MAPK signaling was measured in yeast cells transformed with PRE fused with ␤-galactosidase reporter (PRE-LacZ) plasmid after induction with pheromone (␣-factor). -Fold induction of ␤-galactosidase activity was measured without and with ␣-factor by MUG assay in WT, ste11⌬, and CRAF-transformed ste11⌬ yeast strains. H, stability of mature CRAF does not require Hsp90 function in yeast. Pulse-chase with [ 35 S]methionine (panel i) and cycloheximide chase of CRAF (panel ii) in hsp90 ts mutants G170D and G313N and its isogenic strain, p82, at non-permissive temperature (34°C). CRAF turnover (red line for pulse-chase; blue line for cycloheximide chase) is shown in the associated graph. The error bars represent S.D. (n ϭ 3). I, HEK293T cells were treated with GA (2 M) alone or along with cycloheximide (100 M) for 16 h. MEK phosphorylation was checked in cell lysates with p-MEK antibody. GAPDH was used as a loading control. NT represents non-treated. J and K, in vitro kinase activity of CRAF was checked after treating the cells with GA alone (J) and in combination with cycloheximide (K) for 8 or 16 h, respectively. FLAG-CRAF was immunoprecipitated, and its capacity to phosphorylate MEK1 was analyzed by Western blotting analysis. For each sample, MEK phosphorylation was normalized with CRAF pulled down and is represented in the associated graph. The error bars are the S.D. of three independent experiments. L, prolonged GA treatment increases Hsp90 binding to CRAF in the absence of cycloheximide. HEK293T cells were treated with GA in the absence and presence of cycloheximide for 16 h. Endogenous CRAF was pulled down from total cell lysate using anti-CRAF antibody. Associated Hsp90 was detected using anti-Hsp90 antibody. Actin was used as a loading control. neg, IP negative control.
( Fig. 3D) . Similarly, overexpression of hCdc37 S13A in HEK293T cells reduced Ser-621 phosphorylation of CRAF kinase ( Fig.  3E ). Silencing of Cdc37 in MCF7 cells further confirmed the involvement of Cdc37 in CRAF maturation. As reported previously (77), silencing of Cdc37 significantly reduced CRAF accumulation without affecting the Hsp90 level ( Fig. 3F ). Additionally, we observed reduced CRAF Ser-621 phosphorylation from the remaining CRAF pool under Cdc37-silenced condition ( Fig.  3F ). Impairing the function of Cdc37 by either mutating the Ser-14 residue (cdc37 S14A strain) ( Fig. 3G ) or silencing Cdc37 (77) particularly disrupts CRAF-Hsp90 interaction. Therefore, combining previous observations (78, 79) and our findings, we suggest that Cdc37, by acting as a kinase sorting factor, assists Hsp90 in conformational maturation of CRAF.
Hsp90 Recruits Actin to CRAF during Activation of MAPK Pathway-In cancer cells, chaperones are often up-regulated to maintain stability and activation of oncogenic clients (43, 80 -82) . Overexpression of Cdc37 enhances CDK4 stability following increased binding to Hsp90 (78) . Similarly, we found that Cdc37 upon overexpression activates the MAPK pathway by enhancing binding of Hsp90 to CRAF (Fig. 4, A and B) , consistent with its role as a client loader that renders increased CRAF activity (both basal and stimulatory) (59) . We then questioned whether up-regulation of Hsp90 alone could also activate CRAF kinase in vivo. Elevation of cellular Hsp90 signifi-cantly induced both p-MEK and Ser-338 phosphorylation, a known CRAF activation marker ( Fig. 4 ,C and D). This observation was further supported by increased CRAF kinase activity upon Hsp90 overexpression ( Fig. 4E ). Imaging data showed the localization of GFP-tagged CRAF predominantly in the cytoplasm, whereas overexpression of Hsp90 induced clustering of CRAF at the peripheral region of the cell (Fig. 4F ). This finding signifies that Hsp90 up-regulation within the cell alters CRAF subcellular distribution, thereby promoting efficient MAPK pathway activation.
Receptor tyrosine kinases (Her-2/ERBB2 and EGFR), which are upstream of CRAF in the MAPK pathway, are known clients of Hsp90. To clarify whether overexpression of Hsp90 activates CRAF independently of Her-2/ERBB2 and EGFR kinases, we checked their activatory phosphorylation. p-EGFR (Tyr-845) and p-ERBB2 (Tyr-1221/1222) remained unaltered upon Hsp90 overexpression, confirming selective activation of CRAF by Hsp90 ( Fig. 4G ). Furthermore, enhanced Ras-CRAF association in the presence of up-regulated cellular Hsp90 (Fig. 4G ) establishes CRAF activation, concomitantly inducing the MAPK pathway.
As proposed earlier, CRAF-Hsp90 complex might act as a signalosome during CRAF activation (12) promoted by signal molecules such as growth factors and oncogenic Ras (Ras V12 ) (53) . Interestingly, our co-IP data revealed increased CRAF- . F, inhibition of Hsp90 had no effect on the stability of either CRAF S621A or CRAF S621E mutant. HEK293T cells were transfected with CRAF WT , CRAF S621A , and CRAF S621E , respectively. Cells were treated with GA (2 M) for the indicated time intervals. The CRAF level was checked with anti-FLAG antibody. Here, GAPDH serves as a loading control. NT, non-transfected.
Hsp90 interaction when the MAPK pathway was activated by either Ras V12 or EGF ( Fig. 5A , panels i and ii). These findings indicate that the recruitment of Hsp90 into the CRAF complex is a consistent factor during CRAF activation and raised the question whether this enhanced interaction between CRAF and Hsp90 occurs prior to the Ras-CRAF association. To investigate this, we used the catalytic domain of CRAF kinase (tCRAF ⌬1-342 ) in which the Ras binding domain was deleted and found increased recruitment of Hsp90 to the truncated CRAF, similar to full-length kinase, in the presence of Ras V12 (Fig. 5B ). This observation suggests that during RAF activation stable complex formation between CRAF and Hsp90 occurs prior to Ras interaction.
Inactive CRAF resides at the cytosol, and upon stimulation it moves to the plasma membrane. Being a cytosolic kinase, CRAF movement across the cytoplasm must require assistance of the cytoskeletal network. Interestingly, Ras V12 overexpression significantly enhanced the interaction between CRAF and actin ( Fig. 5 ,C and D). Depolymerization of actin by the addition of latrunculin B (LatB) reduced CRAF-Ras interaction and consequently Ras V12 signaling (Fig. 5 , E and F) (83) . Hence, we thought that Hsp90-driven CRAF activation might also involve the actin network. Consistent with our assumption, LatB treat-ment ( Fig. 6Ai ) significantly reduced both Hsp90-mediated CRAF activation and efficient Ras-CRAF interaction ( Fig. 6B , panels i and ii) without affecting CRAF basal activity ( Fig. 6A , panel ii). However, tubulin disruption with nocodazole left CRAF signaling intact ( Fig. 6C , panels i and ii). Furthermore, CRAF kinase selectively forms a complex with actin ( Fig. 6D ). Among the chaperones, only Hsp90 and Hsp100 are found to be associated with actin (84) . In addition, CRAF directly interacts with Hsp90 as described previously (59) . Therefore, we examined the complex formation ability of CRAF with actin in the presence of overexpressed Hsp90. We found increased association of both actin and Hsp90 with CRAF under the aforementioned condition (Fig. 6E ). Confocal data further confirmed the increased interaction between actin and CRAF as depicted in Fig. 6F, panel B . In contrast, actin overexpression kept the CRAF-Hsp90-actin interaction intact ( Fig. 6G ). Overall, our data suggest that Hsp90 drives a stable assemblage between CRAF and the actin network during MAPK signaling.
Hsp90 functioning is primarily regulated by its intrinsic ATPase cycle (21, 85, 86) . The requirement of ATPase activity in maintaining CRAF-actin complex formation was examined by treating the cells with GA for 5.5 h or overexpressing ATPase-deficient mutant Hsp90 DN . The duration of GA treat-FIGURE 3. Cdc37 maintains the stability and activity of CRAF by assisting its Ser-621 phosphorylation. A, pulse-chase analysis of CRAF in WT and cdc37 S14A yeast strains at 37°C. B, cycloheximide chase of CRAF from the same strain at 37°C. C, Ser-621 phosphorylation was evaluated from equally loaded CRAF from WT and cdc37 S14A yeast strains. Quantification of Ser(P)-621 level is represented in the adjacent graph. Bars represent mean Ser(P)-621 level with error bars showing ϮS.D. from three independent experiments (p Ͻ 0.0003). D, in vitro kinase assay was done from the same strain by immunoprecipitating an equal amount of CRAF kinase. Purified CRAF supplied with the assay kit was used as a positive control. E, similar to C, the Ser(P)-621 level was analyzed from GFP-tagged hCdc37-and hcdc37 S13A -overexpressing HEK293T cells. EV, pEGFP empty vector. GAPDH serves as a loading control. Normalized quantification of Ser-621 phosphorylation obtained from three independent experiments is shown in the adjacent graph (p Ͻ 0.05). F, Cdc37 was silenced in MCF7 cells using SMARTpool siRNA (Santa Cruz Biotechnology). NT, non-transfected; Mock, non-targeted siRNA (scrambled). Cdc37 silencing significantly reduced the CRAF level 9 days (d) post-transfection. Ser-621 phosphorylation was checked by loading an equal amount of CRAF from the silenced sample. GAPDH serves as a loading control. G, CRAF-Hsp90 association was deprived in the cdc37 S14A strain. The co-IP assay of CRAF-Hsp90 was done from the cdc37 S14A strain. ment was selected on the basis of CRAF stability. We observed that neither GA treatment nor Hsp90 DN overexpression altered the CRAF-actin association (Fig. 6 ,H and I). A similar result was obtained in the presence of GA for 16 h (data not shown). Notably, we did not observe any significant effect of GA treatment for 5.5 h on CRAF activation in the presence of either EGF or Ras V12 (data not shown). Altogether, our findings from Fig. 6 suggest that Hsp90 facilitates stable Ras-CRAF association by enhancing CRAF-actin interaction independently of its ATPase activity.
RAF activation requires intact dimeric structure (7) . This mechanism is conserved among RAF isoforms and is critical for Ras-dependent RAF activation (87) (88) (89) . Thus, we questioned whether the dimeric structure of CRAF is also required for Hsp90-mediated CRAF activation. Dimer-deficient CRAF R401H mutant was ectopically expressed, and its activation was assessed in the presence of overexpressed Hsp90. In comparison with CRAF WT , up-regulation of Hsp90 or EGF treatment failed to activate CRAF R401H (Fig. 7A ). Having observed that enhancement in Hsp90 binding potentially activates MAPK pathway, we checked Hsp90 interaction with CRAF R401H by co-IP analysis in the presence of up-regulated Hsp90. Consistent with our observation, Hsp90 binding to exogenously expressed CRAF WT was enhanced ( Fig. 7B) ; in contrast, negligible recruitment of Hsp90 was observed for CRAF R401H (Fig.  7B) . Surprisingly, CRAF R401H also failed to interact with endogenous Hsp90 (Fig. 7C ) even in the yeast system (Fig. 7D) . However, we noticed that CRAF R401A , which is capable of forming a CRAF dimer ( Fig. 7E) (90, 91) , binds to Hsp90 (Fig. 7C) . Intact Ser-621 phosphorylation (Fig. 7C ) and sensitivity to GA (Fig. 7 , In vitro kinase activity of CRAF was measured using a kinase assay kit after transfection of Hsp90␤ (3 g) for 24 h. The adjacent graph represents the percentage of CRAF intrinsic activity. F, cellular distribution of GFP-tagged CRAF upon Hsp90 overexpression. pEGFP-CRAF and HA-Hsp90␤ constructs were co-transfected in HEK293T cells. After 48 h, cells were fixed with 3.7% formaldehyde and mounted on a coverslip. Increased peripheral localization of CRAF was detected in the presence of overexpressed Hsp90. The boxed region is shown in the inset, keeping the scale bar identical (20 m) . N represents nucleus. The adjacent blot shows the expression of the respective proteins. G, overexpression of Hsp90 increases Ras-CRAF association. Enhanced Ras-CRAF binding was identified by immunoprecipitating endogenous CRAF in the presence of overexpressed Hsp90. Activation of EGFR and ERBB2 was checked in cell lysate using anti-p-EGFR and anti-p-ERBB2 antibodies. GAPDH was used as a loading control. NT, non-transfected; endo, endogenous.
F and G) suggest that maturation of CRAF R401H is regulated by Hsp90. Interestingly, the loss of physical association with Hsp90 was reflected in the association between CRAF dimerdeficient mutant and actin ( Fig. 7H) , although the stability of CRAF R401H remained unaltered (Fig. 7I) . Thus, comparing the regulatory behavior of Hsp90 toward CRAF dimer and monomer, we suggest that the assemblage of Hsp90 during CRAF folding is essential to mature the kinase irrespective of dimerization. However, movement of CRAF across the cell requires continuous assistance of Hsp90, acting as a recruiter of actin during MAPK signaling.
Thus, cumulatively our observations illustrated that Hsp90 together with Cdc37 facilitates the stabilizing phosphorylation of CRAF, thereby controlling client kinase activity. Our findings have also elucidated the importance of Hsp90 binding to CRAF that depends upon the client protomeric structure. Hsp90 provides the central stage for stable CRAF-Ras interaction during CRAF activation by recruiting actin to the CRAF complex. In brief, all the above mentioned results establish an important bidirectional role of Hsp90, which acts as a fundamental requirement to attune CRAF-mediated signaling accurately ( Fig. 8 ).
Discussion
Ser-621 Phosphorylation of CRAF Kinase Is a Chaperone-dependent Event-Intramolecular phosphorylation at the Ser-621 residue keeps CRAF kinase stable and active (70, 71) . Similar autophosphorylation has also been reported for other kinases such as dual specificity tyrosine-phosphorylation-regulated kinase (DYRK) and GSK3␤ (92-94). It is noteworthy that Endogenous CRAF was immunoprecipitated using anti-CRAF antibody, and associated Hsp90 was detected using anti-Hsp90 antibody. B, increased recruitment of Hsp90 to CRAF is independent of Ras-CRAF interaction during MAPK signaling. truncated CRAF (tCRAF) construct with regulatory domain deleted (CRAF ⌬1-342 ) was transfected in the presence of Ras V12 . FLAG-tCRAF was immunoprecipitated, and associated Hsp90 was immunoblotted using anti-Hsp90 antibody. C and D, Ras V12 overexpression enhances CRAF-actin interaction. C, panel i, CRAF and actin co-localize in the presence of Ras V12 . GFP-actin and dsRed-CRAF were co-expressed in the presence of HA-Ras V12 . Co-localization is indicated by the yellow color in the confocal image. N represents nucleus. Both pcDNA3 and pEGFP were used as empty vectors. Expressed proteins are represented in the adjacent blot (C, panel ii). GAPDH serves as a loading control. D, co-IP analysis of actin-CRAF in the presence of up-regulated Ras V12 . GFP-Ras V12 was expressed in HEK293T cells. Endogenous CRAF was immunoprecipitated, and associated actin was detected using anti-actin antibody. Tubulin serves as a loading control. E and F, CRAF activation by Ras V12 requires an intact actin network. Ras V12 -transfected cells were treated with 0.1 M LatB for 24 h, and MAPK activation was analyzed by MEK1/2 phosphorylation (F). CRAF was pulled down from Ras V12 -overexpressing cells in the presence of LatB. Associated Ras was identified by using anti-GFP antibody (E). neg, IP negative control; NT, non-transfected; EV, empty vector; endo, endogenous. autophosphorylation of GSK3␤ is Hsp90-dependent. In this study, we observed that only prolonged GA treatment accelerates CRAF degradation, thereby reducing CRAF signaling (Fig.  1I ) without dissociating CRAF from Hsp90 (Fig. 1L ). This observation contradicts the conventional notion of geldanamycin-mediated kinase degradation (62-64, 94, 95) . The dilemma was solved when we investigated the role of Hsp90 in CRAF autophosphorylation. We found that inhibition of Hsp90 par-ticularly hinders Ser-621 phosphorylation of immature CRAF, thereby reducing CRAF intrinsic kinase activity. Insensitivity of mature CRAF toward Hsp90 impairment suggests that Hsp90 inhibition promotes rapid clearance of immature CRAF by disrupting its stabilizing Ser-621 phosphorylation.
Client protein interaction of Hsp90 depends on nucleotide binding. Thus, inhibition of ATP binding reduces client-Hsp90 interaction, thereby accelerating client clearance by the ubiqui-FIGURE 6. Hsp90 modulates CRAF-actin interaction during MAPK signaling. A, LatB does not affect basal kinase activity of CRAF. A, panel i, disruption of actin cytoskeleton upon LatB treatment is shown by immunostaining with rhodamine-tagged phalloidin. A, panel ii, in vitro kinase assay was done from LatB (100 nM)-treated HEK293T cells. Activity of CRAF kinase was measured using purified MEK1, and phospho-MEK was detected using anti-p-MEK1 antibody. B, panels i and ii, actin depolymerization restricts Hsp90-mediated CRAF activation. HEK293T cells were treated with LatB as mentioned earlier after overexpressing HA-Hsp90␤ for 24 h. Cell lysates were immunoblotted with respective antibodies as indicated. Endogenous CRAF was pulled down using anti-CRAF antibody. CRAF-Ras interaction was interrupted upon LatB treatment in Hsp90␤ overexpression condition. GAPDH serves as a loading control. C, tubulin is not involved in Hsp90-mediated CRAF activation. C, panel i, Hsp90-mediated activation of MEK and CRAF was checked in HEK293T cell lysates after overexpression of Hsp90 for 24 h in the presence of nocodazole (0.1 M) for the indicated times. C, panel ii, the effect of nocodazole on disruption of tubulin. D, CRAF interacts with actin. CRAF was immunoprecipitated with anti-FLAG antibody after transfection in HEK293T cells. Actin association was detected by Western blotting with actin antibody. E, Hsp90 overexpression increases actin recruitment to CRAF. Enhancement in CRAF-actin association was detected in HA-Hsp90␤-overexpressing cell lysate by immunoprecipitating endogenous CRAF followed by immunoblotting with actin antibody. F, enhanced co-localization between actin and CRAF was observed in the presence of overexpressed Hsp90. GFP-actin and dsRed-CRAF were co-expressed in the presence and absence of ectopically expressed Hsp90␤. The merged image represents the co-localized actin and CRAF, indicated by yellow color. N represents nucleus. Expression of each protein is shown in the adjacent blot. GAPDH serves as a loading control in the blot. G, actin is not involved in recruiting Hsp90 to the CRAF complex. GFP-actin was overexpressed in HEK293T cells at different amounts (1.5 and 3 g, respectively). CRAF was immunoprecipitated using anti-CRAF antibody. Bound Hsp90 and actin were detected with respective antibodies. Tubulin serves as a loading control. H and I, inhibition of the ATPase activity of Hsp90 does not affect actin recruitment to CRAF. CRAF-actin association was analyzed either from GA (2 M)-treated HEK293T cells in the absence and presence of HA-Hsp90␤ overexpression (H) or in the presence of HA-Hsp90 DN mutant (I). CRAF was immunoprecipitated, and bound actin was detected by the indicated antibody. GAPDH serves as a loading control for all the experiments. NT, non-treated; EV, empty vector; endo, endogenous; neg, IP negative control.
tin proteasome system (96) . Being a bona fide client of Hsp90, CRAF degrades in presence of the Hsp90 inhibitor geldanamycin (12) . Interestingly, we found that Hsp90 impairment, either genetic or pharmacologic, specifically destabilizes newly made CRAF kinase and enhances CRAF-Hsp90 association. Such increased binding of Hsp90 was observed previously for both AKT (40) and CRAF kinase (67) . Oscillation in client conformations influences the affinity toward Hsp90 (35, (97) (98) (99) . Thus, enhanced recruitment of Hsp90 was observed for unstable CRAF mutant (CRAF D486A ) (70) or CRAF S621A (data not shown) and in the presence of GA/herbimycin A, which induce protein misfolding. A common link among these observations is reduced Ser-621 phosphorylation of CRAF that is essential for CRAF stability and activity. CRAF kinase lacking Ser-621 phosphorylation is suggested to be a misfolded protein and susceptible to degradation (70) . Thus, GA application might accelerate the formation of a new CRAF structure different from its native conformation, thereby creating two distinct affinity ranges for both mature and immature CRAF toward Hsp90, although a detailed study is required to unravel the mechanism FIGURE 7. Physical assemblage of Hsp90 with CRAF is essential to maintain actin-CRAF interaction. A, up-regulation of Hsp90 failed to activate CRAF dimer-deficient mutant. MEK phosphorylation was analyzed from Hsp90-overexpressing and EGF-treated samples. Phosphorylation was monitored for both CRAF WT and CRAF R401H , respectively. CRAF R401H was not activated by either Hsp90 overexpression or EGF treatment. B, CRAF R401H showed impaired interaction with overexpressed Hsp90. IP was done for N-terminally FLAG-tagged CRAF WT and CRAF R401H , respectively, in the presence of exogenously expressed HA-Hsp90␤. Associated Hsp90 was detected using anti-HA antibody. Total lysates for IP samples are identical to those represented in A. GAPDH serves as a loading control. C and D, CRAF dimer-deficient mutant CRAF R401H shows compromised binding with endogenous Hsp90 in both mammalian and yeast systems. A binding assay was performed from HEK293T cells transfected with either CRAF WT or CRAF R401H and CRAF R401A , respectively. IP was done using anti-FLAG antibody, and endogenous Hsp90 was detected. Ser-621 and Ser-259 phosphorylation remained unaltered for both CRAF mutants. CRAF R401H showed negligible binding with cellular Hsp90, whereas CRAF R401A showed significant Hsp90 binding. Quantification of binding interaction is given in the adjacent graph (C). Error bars represent S.D. NT represents non-transfected. D, wild-type yeast cells (BY4741) were transformed with CRAF WT and CRAF R401H constructs, respectively. Expressed CRAF was pulled down using anti-FLAG antibody, and associated endogenous yeast Hsp90 was detected by immunoblotting with yeast Hsp90 antibody. Pgk1 serves as a loading control. NT represents non-transformed. E, CRAF homodimerization is severely interrupted in CRAF R401H , whereas CRAF R401A shows intact homodimer. For homodimerization, FLAG-tagged CRAF WT was transfected in combination with GFP-tagged CRAF WT , CRAF R401H , and CRAF R401A , respectively, into HEK293T cells. Additionally, FLAG-tagged CRAF R401A and GFP-tagged CRAF R401A were co-transfected into HEK293T cells. CRAF dimers were isolated by anti-FLAG immunoprecipitation. IP samples were immunoblotted with anti-GFP antibody. GAPDH serves as a loading control. F and G, CRAF R401H is sensitive to GA treatment. F, HEK293T cells were transfected with CRAF WT and CRAF R401H , respectively. Transfected cells were treated with 2 M GA for the indicated time intervals. The CRAF level was analyzed using anti-FLAG antibody. Actin was used as a loading control. G, reduced Ser-621 phosphorylation in the presence of GA was observed for CRAF R401H . HEK293T cells were transfected with both CRAF WT and CRAF R401H , respectively. Each cell set was treated with 2 M GA for 16 h. Ser-621 phosphorylation was analyzed from equally loaded CRAF pool from each set. Normalization was done using an equal amount of CRAF as a control. H, CRAF dimer-deficient mutant shows abrogated interaction with actin. Immunoprecipitation of FLAG-tagged CRAF was done from HEK293T cells transfected with CRAF WT , CRAF R401H , and CRAF R401A , respectively. IP samples were separated by SDS-PAGE and immunoblotted with the indicated antibodies. GAPDH serves as a loading control. I, CRAF WT and CRAF R401H have similar half-lives under the physiological condition. HEK293T cells were transfected with CRAF WT and CRAF R401H , respectively. Protein synthesis was blocked by cycloheximide, and the chase reaction was carried for the indicated time intervals. NT represents non-transfected cells. EV, empty vector; W/O AB, without antibody; WB, Western blotting; endo, endogenous.
by which Hsp90 interacts differentially with CRAF depending upon the kinase maturation state.
Molecular chaperone via the early and late chaperone complex facilitates proper folding of newly synthesized polypeptide after it emerges from the ribosome (100). Hsp90, being the part of the late chaperone complex, assists CRAF kinase maturation; however, other co-chaperones, except Cdc37, have no effect (data not shown). Genetic impairment (Fig. 3G ) or silencing of Cdc37 (77) affects its client transfer ability to Hsp90 and impedes CRAF Ser-621 phosphorylation (Fig. 3) . Therefore, the kinase becomes unstable. This finding suggests that substrate binding and efficient client transfer ability of Cdc37 are essential to promote autophosphorylation at the Ser-621 residue. Altogether, we conclude that Ser-621 phosphorylation of CRAF is a chaperone-dependent event governed by the late complex components Hsp90 and its co-chaperone Cdc37.
Being a client of Hsp90, CRAF attains its native structure aided by Hsp90 and Cdc37. In agreement with our data, this suggests a possible mechanism by which binding of chaperones might stabilize an intermediate step during CRAF folding where the C-terminal tail region comprising the Ser-621 residue of CRAF kinase flips back in close proximity to the ATP binding region of the kinase for efficient autophosphorylation. Phosphorylation at the equivalent position (Ser-729) on BRAF kinase is chaperone-independent and is carried by AMP-activated protein kinase (AMPK) (101) . Thus, the requirement of chaperones Hsp90 and Cdc37 during CRAF autophosphorylation establishes a sharp demarcation in the purpose of chaper-one dependence for closely related RAF homologs BRAF and CRAF kinase.
Hsp90 Forms Efficient Transport Machinery to Keep CRAF Dimer Poised for Activation-Cellular abundance of Hsp90 facilitates activation of several clients primarily involved in the signaling pathway. Enhanced MAPK signaling via active CRAF when Cdc37 was up-regulated was reported previously (59) . In this study, we have shown that ectopic expression of Hsp90 induces the MAPK pathway by active CRAF kinase. Surprisingly, elevation of Hsp90 activates CRAF without affecting its upstream receptor tyrosine kinases (Fig. 4G ). During activation of the MAPK pathway, CRAF translocates to the membrane and interacts with Ras molecules (56) . From our data, it is evident that CRAF activation by Hsp90 is Ras-dependent. Interestingly, binding of Hsp90 increases with CRAF activated by either growth factor (EGF) or oncogenic Ras (Ras V12 ). This result indicates a strong correlation between enhanced recruitment of Hsp90 and efficient CRAF-Ras interaction. A study with truncated (regulatory domain-deleted) CRAF establishes that Hsp90 recruitment to CRAF during stimulation occurs prior to the Ras-CRAF interaction. Hsp90 is involved in intracellular translocation of client molecules such as steroid receptors and pp60 src (102) . Moreover, Hsp90 can interact with both actin and tubulin (84, 103) . A earlier study (83) and down-regulation of MAPK signaling in the presence of LatB (Fig. 5F ) validate the involvement of the actin network during CRAF activation. Co-IP analysis and confocal imaging confirmed that Hsp90 facilitates CRAF activation by increasing association . Impairment in either Hsp90 (90) or Cdc37 (37) function perturbs CRAF autophosphorylation at the Ser-621 position, resulting in kinase degradation (indicated by 2). Matured CRAF remains insensitive to Hsp90 and Cdc37 inhibition (indicated by 3). During stimulation, more Hsp90 is bound to CRAF (A), which facilitates actin engagement (B) and CRAF activation (indicated by 4) for stable signal output (indicated by 5). Note that the enhanced assemblage between Hsp90 and CRAF (the mechanism is currently unknown) occurs prior to Ras-CRAF association, and Hsp90-mediated actin recruitment to CRAF is independent of the ATPase activity of Hsp90. RTK, receptor tyrosine kinase.
with actin ( Fig. 6, E and F) . Thus, our findings establish the function of Hsp90 as a recruiter of actin to CRAF, producing an efficient CRAF transportosome during MAPK signaling, as suggested previously (12) . This function of Hsp90 is independent of its ATPase activity. The participation of Hsp90 in CRAF movement across the cell during activation justifies the purpose of forming a heterocomplex comprising CRAF-Hsp90 as observed for other clients such as steroid receptors and p53 (104, 105) .
Interestingly, kinetically inactive R401H mutant (7) remains insensitive to Hsp90-mediated activation as Hsp90 binding is significantly abolished in the dimer-deficient CRAF mutant. However, the disruption of Ser-621 phosphorylation of CRAF monomer in the presence of GA suggests that Hsp90 recognizes different sites of CRAF depending upon the mature state of the kinase. This speculation is justifiable as the client binding site recognized by Hsp90 during maturation might differ from that identified for mature protein (106) . However, loss of physical association of Hsp90 with CRAF R401H significantly affected the interaction with the cytoskeletal network ( Fig. 7H) , keeping the stability of the monomeric kinase intact, as observed in Fig.  7I . Therefore, combining our observations, we suggest that CRAF maturation and activation are two independent events, and efficient CRAF-Hsp90 interaction attunes both processes.
Hsp90 inhibition prevents re-entry of clients into the folding cycle, thereby triggering client-Hsp90 dissociation (107) . In contrast, our co-IP data in the presence of cycloheximide and GA (Fig. 1L ) showed that assemblage of Hsp90 with mature CRAF is not driven by the chaperoning activity of Hsp90. In contrast to Hsp70, a client binding site of Hsp90 remained difficult to identify. Several studies have shown that hydrophobic surface charge in the ␣C-␤4 loop of the client governs Hsp90 binding (108) . We observed that introduction of a mutation (Arg to His) in the ␣C-␤4 loop of CRAF restricts side-to-side dimerization and abrogates Hsp90 binding (Fig. 7, E and C) . Interestingly, Arg to Ala mutation shows intact CRAF dimerization and moderately reduced but significant binding with Hsp90 (Fig. 7, E and C) . This observation, however, cannot exclude the involvement of other regions of the kinase domain for Hsp90 binding (109, 110) . Structural analysis revealed that the ␣C helix in monomeric BRAF is positioned outward (111), generating a kinase off-state conformation where proper positioning of the ␣C helix is disrupted due to impaired dimerization. Enhanced recruitment of Hsp90 during CRAF activation is possibly driven by the balanced cross-talk between suitable positioning of the ␣C helix and favorable alignment of two CRAF protomers, which might be absent for the CRAF R401H dimer mutant. In contrast, recruitment of Hsp90 requires client on-pathway conformations as evident from previous studies (35, 112) . Thus, our data strongly emphasize the requirement of CRAF on-state conformation for efficient Hsp90 interaction. However, further study is required to identify the structural determinants of the kinase essential to hold Hsp90 in close vicinity of the client CRAF kinase.
In summary, our study provides mechanistic detail of the regulation of CRAF kinase functioning by Hsp90. CRAF activation is regulated at different layers to maintain proper MAPK signaling. Experimental evidence suggests that Hsp90 keeps CRAF kinase maturation and its intracellular translocation in balance to sustain accurate cellular growth and proliferation. The dual role of Hsp90 establishes a new framework of CRAF kinase regulation in understanding the importance behind the stringent assistance of Hsp90.
Experimental Procedures
Plasmids-FLAG-tagged pcDNA3-CRAF plasmid was a kind gift from Bruce Gelb, Mount Sinai School of Medicine, NY. For expression in yeast, CRAF gene was excised with BamHI and cloned into yeast centromeric vector p416GPD under the constitutive GPD promoter. Plasmids for HA-Hsp90␤, HA-Hsp90␤ DN , HA-Ras V12 , mEGFP-Ras V12 , and HA-Ras WT were obtained from Addgene; pEGFP-actin and pheromoneresponsive element (PRE)-LacZ were a kind gift; and pEGFP-CRAF WT , pdsRed-CRAF WT , and pEGFP-hCdc37 were generated. Point mutants of each gene used in this study were generated by site-directed mutagenesis.
Yeast Strains-Yeast strains BY4741 (MATa his3⌬0 leu2⌬0 met15⌬0 ura3⌬0) and W303 (MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100) were used in this study. For inhibitor treatment, Erg6-deleted (erg6::nat) strain was used. Hsp90 yeast strains used were p 82 (W3031A hsc82:: LEU2 hsp82::LEU2 HSP82::HIS3), G170D (W3031A hsc82::LEU2 hsp82::LEU2 hsp82, G170D::HIS3), and G313N (W303 1A hsc82::LEU2 hsp82::LEU2 hsp82, G313S::HIS3) (113) .
Yeast Cell Growth, Cell Culture, Transient Transfection, Gene Silencing, and Inhibitors Used-Yeast cells were grown in selection media overnight at 30°C. Cells were harvested at A 600 by centrifuging at 3000 rpm for 7 min. Harvested pellets were processed according to the protocol requirement. MCF7 and HEK293T cells were maintained in Dulbecco's modified Eagles medium (DMEM; Himedia, India). All media were supplemented with 10% FBS (Gibco, ThermoFisher Scientific), 150 g/ml penicillin/streptomycin, and 50 mg/ml gentamicin. Plasmids were transfected at 80% confluence using Lipofectamine-LTX (Invitrogen) following the manufacturer's protocol. Silencing was done at 60% confluence using Lipofectamine 2000, and validation of siRNA transfection was done by Western blotting.
Reagents Used-The following antibodies are used. Anti-CRAF (610151, 1:5000, GAM) and anti-BRAF (612375, 1:5000, GAM) were from BD Biosciences. Anti-Hsp90 (PA1-14210, 1:5000, GAR), anti-Hsp70 (MA3-008, 1:5000, GAM), anti-total Ras (NA1-012, 1:5000, GAM), anti-phospho-Ser-338-CRAF (MA5-15176, 1:5000, GAR), anti-phospho-Ser-259-CRAF (PA1-14363, 1:5000, GAR), and anti-phospho-Ser-621-CRAF (PA1-26655, 1:5000, GAR) were from Thermo Pierce. Anti-CDK2 (78B2, 1:5000, GAR), anti-pan-actin (D18C11, 1:5000, GAR), anti-GFP (2956, 1:5000, GAR), anti-Cdc37 (D11A3, 1:5000, GAR), anti-phospho-ERBB2 (2243S, 1:1000, GAR), anti-ERBB2 (2165S, 1:1000, GAR), and anti-phospho-MEK1/2 (41G9, 1:5000, GAR) were from Cell Signaling Technology. Anti-HA (H3663, 1:5000, GAM), anti-FLAG (F1804, 1:2500, GAM), and anti-FLAG (F7425, 1:2500, GAR) were from Sigma. Antiphospho-EGFR (SC23420R, 1:1000, GAR) and anti-EGFR (SC373746, 1:1000, GAR) were from Santa Cruz Biotechnology. Anti-GAPDH (BB-AB0060, 1:5000, GAR) was obtained from BioBharati Lifescience, Kolkata, India. Anti-Pgk1 (E1161, 1:2500, GAM) was from Invitrogen. Anti-total MEK (PKPS-222, 1:5000, GAR) was from Neo BioLab. Anti-tubulin (CP06, 1:100, GAM) was from EMD Millipore. Anti-rhodaminetagged phalloidin (R415, 1:100) and anti-Alexa Fluor 594 (A11062, 1:500) were from Molecular Probes. Geldanamycin was from Invivogen, San Diego, CA, and cycloheximide was from Sisco Research Laboratories Pvt. Ltd. (SRL), India.
Immunoblotting and Immunoprecipitation-CRAF expression from both yeast and cell lines was checked by using radioimmune precipitation assay buffer (G-Bioscience, St. Louis, MO) supplemented with a mixture of protease inhibitors (ThermoFisher Scientific), phosphatase inhibitor (Thermo-Fisher Scientific), and 10 mM PMSF (Sigma). Lysates were cleared by centrifugation at 13,500 rpm for 15 min at 4°C. For immunoprecipitation, cell lysis was performed in IP buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 0.l % Nonidet P-40, protease and phosphatase inhibitors, PMSF). For the IP reaction, 800 -1000 g of lysate was incubated with either anti-FLAG or anti-CRAF antibody overnight at 4°C. 25 l of protein A/G-Sepharose beads (Calbiochem) was added and incubated for 2 h at 4°C. The immunocomplex was washed with IP dilution buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 0.l % Nonidet P-40, protease and phosphatase inhibitors, PMSF) three times, and 20 l of 2ϫ sample buffer (0.1 M Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 0.2 M ␤-mercaptoethanol, 0.1% bromphenol blue) was added and boiled for 5 min at 95°C. The cell lysate or immunocomplex was separated by 10% SDS-PAGE, transferred to membrane, and immunoblotted with respective antibodies.
Pheromone Assay-Yeast cells were grown at an A 600 of 0.2 in selective media with or without ␣-factor (5 M). Cells from 1.5 ml of culture were harvested and lysed by resuspending in 200 l of extract buffer (HEPES-KOH, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 5 mM DTT, 1 mM PMSF, 1ϫ protease inhibitor EDTA-free mixture) in a bead beater. ␤-Galactosidase activity was measured by 4-methylumbelliferone ␤-D-galactopyranoside (MUG) assay using 20 l of lysate, 80 l of Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 ⅐7H 2 O, 10 mM KCl, 1 mM MgSO 4 ⅐7H 2 O, 50 mM ␤-mercaptoethanol) and 5 l of 0.1% MUG solution. The absorbance was measured by luminometer ( 360 ϭ excitation, 460 ϭ emission).
Pulse-Chase Analysis-Pulse-chase analysis in yeast was done using the protocol described previously (114) .
Kinase Assay-The kinase assay was performed using the protocol described previously (115) .
Confocal Imaging-Cells were seeded onto a 6-well Petri plate (BD Falcon) containing 22-mm-diameter glass coverslips, and DNA transfection was done using the Lipofectamine-LTX transfection protocol (Invitrogen). Cells were fixed with 3.7% formaldehyde after 48 h of DNA transfection. Sample washing was done with 1ϫ PBS (Himedia). Coverslips were mounted onto slides with DPX mountant (mixture of distyrene, a plasticizer, and xylene; Himedia). The slides were allowed to dry at room temperature and sealed with nail polish. Cells were visualized under a Leica TCS SP8 confocal microscope using a 63ϫ oil objective.
For actin staining, HEK293T cells were treated with latrunculin B (0.1 M) for 24 h. Cells were washed with PBS and fixed in 3.7% formaldehyde solution for 20 min. The fixative was removed by washing with PBS, and cells were treated with 0.1% Triton X-100. After washing with PBS, blocking was done with 3% BSA, and cells were incubated with 50 g/ml phalloidin tagged with rhodamine for 1 h in the dark. The staining agents were removed with PBS, and cells were viewed under a Leica TCS SP8 confocal microscope.
Statistical Analysis-Statistical data were scored using Prism 5 (GraphPad Software).
